Abstract The purpose of this study was to develop a longitudinal non-invasive functional imaging method using a dual-radioisotope hybrid micro-positron emission tomography/computed tomography (PET/CT) scanner in order to assess both the skeletal metabolic heterogeneity and the effect of localized radiation that models therapeutic cancer treatment on marrow and bone metabolism. Skeletally mature BALB/c female mice were given clinically relevant local radiation (16 Gy) to the hind limbs on day 0. Micro-PET/CT acquisition was performed serially for the same mice on days -5 and ?2 with FDG and days -4 and ?3 with NaF. Serum levels of pro-inflammatory cytokines were measured. Significant differences (p \ 0.0001) in marrow metabolism (measured by FDG) and bone metabolism (measured by NaF) were observed among bones before radiation, which demonstrates functional heterogeneity in the marrow and mineralized bone throughout the skeleton. Radiation significantly (p \ 0.0001) decreased FDG uptake but increased NaF uptake (p = 0.0314) in both irradiated and non-irradiated bones at early time points. An increase in IL-6 was observed with a significant abscopal (distant) effect on marrow and bone metabolic function. Radiation significantly decreased circulating IGF-1 (p \ 0.01). Non-invasive longitudinal imaging with dualradioisotope micro-PET/CT is feasible to investigate simultaneous changes in marrow and bone metabolic function at local and distant skeletal sites in response to focused radiation injury. Distinct local and remote changes may be affected by several cytokines activated early after local radiation exposure. This approach has the potential for longer-term studies to clarify the effects of radiation on marrow and bone.
Introduction
With increased cancer survivorship [1] , there is an increased and unmet need to evaluate treatment-related skeletal damage, including the understanding of mechanisms of damage that will lead to preventive strategies. Skeletal damage and response to treatments are regionally variable [2] [3] [4] , however, published reports have investigated only specific bone regions and fail to take a comprehensive approach. Our recent mouse micro-computed tomography (CT) study revealed the potential for anatomical heterogeneity in the whole skeleton [5] . Most preclinical experimental approaches are invasive and do not support the longitudinal experimental designs that are preferable to document changes over time within individuals. Other non-invasive options for hematopoietic and skeletal assessment include measuring plasma concentrations of Flt-3 ligand [6] and 45 Ca assays for bone remodeling [7] . However, these methods only provide a measure of global damage. Characterization of regional marrow and bone metabolism is required to understand local and global tissue environments and treatment responses with emphasis on regions at risk for the development of metastatic disease and pathologic fractures [8] .
Advancing the care of cancer patients requires the development and validation of appropriate experimental systems to ensure that animal studies accurately simulate clinical applications of radiotherapy based on radiobiologically relevant dose selection [7, 9] . Monitoring the local and systemic changes in bone remodeling and skeletal damage resulting from local radiation will be beneficial for optimizing potential interventions preceding cancer therapy. Furthermore, a recent study strongly supports bidirectional coregulation of marrow and bone at the microenvironment level [10] . Thus, a comprehensive approach to understanding the integrated response of both marrow and bone tissue to radiation damage is necessary. Taking advantage of novel non-invasive micro-CT-guided micro-positron emission tomography (PET) in a hybrid system and dual radiotracers ( 18 F labeled fluoro-2-deoxy-2-D-glucose [FDG] , 18 F-labeled sodium fluoride [NaF]), we investigated the functional heterogeneity of the whole skeleton and then examined the early effects of a clinically relevant local radiation application on local and systemic marrow and bone in an in vivo model longitudinal study.
Materials and Methods

Regulatory Compliance
All animal studies were approved by the Institutional Animal Care and Use Committee at the University of Minnesota.
Subjects
Six 16-week-old healthy BALB/c female mice (19.7 ± 1.8 g; Harlan Sprague-Dawley, Madison, WI) were used for this study. All rodents were kept in a standard vivarium and fed regular mouse diet and water ad libitum. All mice were fasted for at least 1.5 h before radioisotope injection.
Radiation Delivery
The XRad 320 Biological Irradiator (Precision X-Ray, North Branford, CT) was used for all irradiation procedures. Under anesthesia (intraperitoneal injection with ketamine/xylazine cocktail), a specially designed lead shield (4 mm thickness) was placed over the body, to limit exposure to only the hind limbs (Fig. 1a) . The total dose delivered (16 Gy single fraction) and a percentage of skeletal volume irradiated were equivalent to pelvic irradiation to a clinical subject based on normalized total dose [11] as previously described by Hui et al. [7, 9] with details of verification.
PET Image Acquisition
PET acquisition was performed serially on days -5 and ?2 with FDG for marrow metabolism [12] and days -4 and ?3 with NaF for bone metabolism [13] relative to radiation treatment in the same mice (Fig. 1b) . The Inveon TM (Siemens Medical Solutions, Knoxville, TN) scanned the region from skull to tibia. The radioisotopes were injected intravenously via the tail vein. The mean doses of FDG and NaF in 100 lL solution were 18.9 ± 1.6 and 18.8 ± 2.7 MBq, respectively, and measured with Atomlab 100 (Biodex Medical, Shirley, NY), which had been cross-calibrated with the scanner. The 30-min scan (list-mode data acquisition) was started at 30 min post-injection under anesthesia using the manufacturer's recommended acquisition settings. For scanning, anesthesia was maintained at 1.5-3 % isoflurane in 1 L/min O 2 via nose cone. During the scan, the mouse was monitored with a dedicated respiration monitor (BioVet; Spin Systems, Brisbane, Australia). A dedicated warming pad and infrared thermometer were also used to maintain body temperature. Legs were taped to minimize movement.
Inveon acquisition workplace software (IAW, version 1.5.0.28; Siemens Medical Solutions, Knoxville, TN) was used for PET image reconstruction. The 30-min acquisition was separated into three frames, each 600 s, with a 128 9 128 9 159 matrix (pixel size: 0.776 mm, plane thickness: 0.796 mm). After identifying the plateau region, the last 10-min frame in the list-mode data (i.e., the last frame) was used. The OSEM3D (ordered subset expectation maximization)/MAP (maximum a posteriori) algorithm with default parameters was employed for image reconstruction.
Scatter and attenuation corrections were applied. For anatomy registration, PET images were fused with CT images through a spatial transformation matrix which had been calibrated in the system setup. The micro-PET/CT system uses an analytic rigid-body registration algorithm based on singular value decomposition to create the transformation matrix [14] .
Blood Sampling
Venous blood was collected in pre-weighed, heparinized capillary tubes following the scan. The filled tube was weighed and the bottom sealed with capillary wax. Radioisotope activity was then counted with a well counter (ST360W radiation counter; Spectrum Techniques, Oak Ridge, TN) and normalized to blood volume.
Image Analysis
Scan analyses were performed using PMOD software, version 3.4, build 6 (PMOD Technologies, Zurich, Switzerland). The bone volumes of interest (VOIs) were first drawn on the CT image and later exported to the PET image. Contouring was done by one investigator (M. Y.), and VOIs were identified semi-automatically using the segmentation feature based on a 3D region-growing algorithm and manual modification to minimize variations. There are eight regions: skull, mandible, humerus, cervical spine, thoracic spine (T5-T10), lumbar spine (L1-L3), femur, and tibia (40 slices from knee joint). The activity concentrations in the PET image and blood activity concentrations were corrected for radiotracer decay (109.77 min) back to the radiotracer injection time. Wholeblood and plasma activities approached steady state at 60 min after injection (FDG [15] , NaF [16] ). Thus, whole-blood can be used as a surrogate for plasma activity. A recovery coefficient was not applied. The activity ratios of skeletal regions to blood were calculated as bone-to-blood ratios. There is no unit of uptake of radiotracer because the value is calculated as a ratio of bone uptake activity to blood activity (both kilobecquerels per milliliter). Heterogeneity is described as a varying uptake distribution of radiotracer among skeletal sites in this study.
Measurements of Pro-inflammatory Markers
An additional seven mice were used for cytokine measurements. Postmortem cardiac puncture blood samples were obtained. Serum interferon gamma (IFNc), interleukin-10 (IL-10), interleukin-12p70 (IL-12p70), interleukin-1beta (IL-1b), interleukin-6 (IL-6), tumor necrosis factor alpha (TNFa), and chemokine (C-X-C motif) ligand 1 (CXCL1) levels were measured using the Mouse ProInflammatory 7-Plex Ultra-Sensitive Kit (Meso Scale Discovery, Gaithersburg, MD) according to the manufacturer's instructions. Assay sensitivities were 0.38, 11, 35, 0.75, 4.5, 0.85, and 3.3 pg/mL, respectively. The intra-assay and inter-assay variations were \10 % for all markers. Serum insulin-like growth factor 1 (IGF-1) levels were measured using a kit (IDS, Fountain Hills, AZ) according to the manufacturer's Fig. 1 a Shielding designed to deliver radiation to the hind limbs. b Schematic of the experimental design. Micro-PET/CT acquisition was performed serially with FDG and NaF before and after the radiation to the same mice. Mice were dissected on day 3 after the radiation instructions. Assay sensitivity was 2.8 ng/mL. Intra-and inter-assay variations were 5.8 and 7.8 %, respectively. All measurements were performed in duplicate.
Statistical Analysis
Changes in FDG and NaF before and after radiation were analyzed by mixed-effects ANOVA, using SAS proc mixed (version 9.2; SAS Institute, Cary, NC). The models included fixed effects for body region, radiation, their interaction, and a random mouse effect to account for correlation between pre-and post-radiation measurements on the same mouse. Outcome variables (normalized blood) were logtransformed to give a multiplicative, rather than additive, model; that is, the effect of radiation on outcomes was modeled as a relative change rather than an absolute. Model contrasts were used to estimate the magnitude of the radiation effect in each region and its interaction with other regions. Two-sided t-tests with unequal variance assessed differences in mean cytokine levels between the control and radiation groups.
Results Figure 2 shows whole-body scans of FDG and NaF uptake before and after radiation, demonstrating functional heterogeneity and a radiation effect on bone.
Functional Heterogeneity in the Whole Skeleton Uptake of FDG and NaF is significantly different among bone regions (blue bars in Fig. 2e , f, p \ 0.0001 for FDG and NaF). Cervical and lumbar vertebrae had the highest uptake of both FDG and NaF, respectively. Tibia exhibited the lowest uptake of both.
Radiation Effect on Bone
Radiation exposure to the hind limbs was 16.98 ± 1.58 Gy. Visually, there was differential radiotracer uptake (Fig. 2b,  d) . Quantitatively, the degree of uptake after radiation exposure differed among the regions (p = 0.0002, Table 1 ). The irradiated region, especially the tibia, demonstrated significantly reduced FDG uptake at 32 % of pre-radiation levels. Thoracic vertebrae were higher and tibia was lower compared with an overall average reduction (p \ 0.01, Table 1 ). Figure 3a shows FDG uptake averaged over all bone regions, demonstrating that radiation decreased FDG uptake overall (p \ 0.0001) on day 2 after radiation. Despite individual variability, uptake after radiation was approximately 50 % of pre-radiation levels (Table 1 ). Figure 3b shows the difference in FDG uptake of individual mice before and after radiation. All mice showed a similar response pattern, with high activity in the skull and spine but large variations (coefficient of variation) between individuals. In contrast, radiation significantly suppressed metabolic activity in the entire skeleton in all subjects, with minimal individual variation.
Red bars in Fig. 2f show NaF uptake following radiation. In individual mice, the NaF uptake averaged over all regions increased by a factor of 2.2. The degree of uptake after radiation differed among the regions (p = 0.0003, Table 1 ). The skull and mandible exhibited less variation from the averaged value (p \ 0.01, Table 1 ). The lumbar spine and the irradiated regions (i.e., femur and tibia) appeared to have higher variation (p \ 0.1, Table 1 ). NaF uptake significantly increased among all the regions on day 3 after radiation (p = 0.0314, Fig. 3c ). Individual variation in NaF uptake was greater than for FDG. Three mice exhibited large increases ([2.0), two mice had moderate increases, and one slightly decreased. The uptake trend was similar before and after radiation (Fig. 3d) .
Systemic Inflammatory Reaction
Radiation significantly reduced serum IGF-1 (Fig. 4 , p \ 0.01). IL-6 (p = 0.06) showed a trend for increases after radiation, while there were no statistically significant differences in TNFa, IFNc, IL-10, and CXCL1. Statistical calculation of IL-12p70 and IL-1b could not be performed because most of the measurements were below the detection limit of the assay.
Discussion
Longitudinal non-invasive functional imaging with dualradioisotope micro-PET/CT following local irradiation in BALB/c mice revealed regional heterogeneity in marrow and bone metabolic function. Regional changes in marrow metabolic and mineral remodeling with a concurrent abscopal effect early following radiation at a variety of sites were observed longitudinally. This is the first report to characterize functional heterogeneity and changes from medically relevant radiation exposure in the whole skeleton. The application of dual-radioisotope strategies allowed monitoring both local and distant effects on the entire FDG averaged over all regions is expected to decrease to 50 % of its pre-radiation level. This effect varied by region and was particularly low for the tibia, where post-radiation FDG was 32 % of its pre-radiation level. The NaF level averaged over all regions is expected to increase by a factor of 2.2 following radiation. However, this increase varied by region, from a factor of 1.9 in the skull and mandible to a factor of 2.4 in the femur and tibia. The wide confidence intervals are the result of variable effects seen in different mice (see Fig. 3c ) a Irradiated region
Model contrasts: b For FDG, thoracic spine had a higher ratio and tibia had a lower ratio compared to the overall average (p \ 0.01) c For NaF, mandible and skull had a lower ratio compared to the overall average (p \ 0.01) d For NaF, lumbar spine, femur, and tibia had a marginally higher ratio compared to the overall average (p \ 0.1) skeleton following targeted radiation, including the simultaneous functional assessment of two distinct but interdependent tissue compartments (i.e., marrow and bone). This technique may permit investigations into the multifactorial communication pathways between the two active tissue components in skeletal metabolism. A previous study with clinical PET showed that FDG can identify hematologically active bone marrow at specific sites [17] ; another investigation, employing NaF, demonstrated differences in bone metabolism in two regions following treatment [2] . These reports, however, investigated only limited skeletal regions. Heterogeneity in bone uptake by FDG and NaF indicates functional differentiation among skeletal regions, suggesting metabolic differences at distinct bone sites. This heterogeneity could be due to structural and functional differences [18, 19] . A greater trabecular network and less marrow volume in the spinal bones may lead to greater cross-sectional area with a consequently higher metabolic activity. Previous studies have demonstrated site-specific molecular regulation involving the coordination of multiple genes [19] , mirroring the developmental origin of each bone in the skeleton (i.e., ''epigenetic postcode'') [20] . This has been previously demonstrated for calvarial osteoblasts when compared to appendicular trabecular osteoblasts. Understanding regional functional differences in the skeleton increased NaF uptake among all the regions on day 3 after radiation (p = 0.0314). d NaF uptake before and after radiation among the bony regions. Star indicates irradiated bony region Fig. 4 Systemic production of inflammatory mediators. The radiation group had lower mean IGF-1 and higher mean IL-6. Right axis for IGF-1. NC not calculated may therefore be crucial for (1) mapping sections of the skeleton to identify the regions that are most affected by disease or clinical intervention rather than random selection of skeletal regions to assay, (2) beginning to understand the role that local and whole-body skeletal environments may play while interacting with systemic endocrine and immune elements, and (3) developing treatment plans and evaluating the resulting response to disease management that incorporate factors such skeletal site and bone marrow composition.
FDG and NaF uptake of the irradiated region was significantly affected by treatment in the current investigation. Radiation decreased FDG uptake, likely indicating decreased bone marrow metabolism since the absolute number of bone marrow cells and their activity may affect FDG uptake [12] . This is in conformity with our previous report of a significant reduction in bone marrow cellularity by day 3 after radiation [9] . The early increase in NaF uptake after radiation was concomitant with a significant increase in marrow sinusoid and endosteal lining cells, which are ultimately responsible for appositional bone formation to the endosteum, in the skeleton employing a related experimental model [9] . Endosteal lining cells, i.e., committed quiescent osteoblasts, communicate with and are precursors to the osteocyte population embedded within the mineralized matrix. These cells likely regulate the influx and efflux of mineral ions and proteins into and out of the bone extracellular space, thereby serving as a kind of blood-bone barrier/ interface [21] . Increases following radiation would then elevate NaF uptake in conjunction with increases in blood volume and interstitial fluids. While committed pre-osteoblasts respond to radiation damage by increased osteocalcin synthesis, the more pluripotent mesenchymal stem cell (MSC) population within the marrow space may respond to radiation damage by differentiating into adipocytes. We have observed some evidence of this indicated by increased peroxisome proliferator-activated receptor gamma gene expression in whole bone marrow following radiation (data not shown). This could explain the consistently observed increase in marrow adiposity after day 5 in mice exposed to sublethal doses of radiation or following a localized radiation exposure. Alternatively, radiation may induce cellular senescence in bone lining cells, thereby leading to a secretory phenotype (including IL-6 and TNFa) that could alter MSC lineage allocation.
Radiation may also lead to long-term impairment in skeletal structure and function. Our previously reported study found diminished bone structure in long-term followup after radiation [7] . Furthermore, there are likely biochemical and physical interactions between the bone surface (namely quiescent osteoblasts) and the adjacent marrow which may influence the radiation effects [22] . Dual-radioisotope micro-PET/CT could be a tool to develop a comprehensive understanding of radiationinduced effects on skeletal metabolism by investigating the temporal (short-and long-term) and spatial (local vs. distant) effects of radiation on bone structure and function.
An abscopal effect could result from immune system activation via cytokines elevated by radiation [23] . Irradiation to the abdomen of mice resulted in a suppression of bone marrow with increased synthesis of reactive oxygen species (ROS) in the shielded femur [24] . This observation may relate to the observed decreased FDG uptake to the non-irradiated sites. Increased vascular permeability in the non-irradiated region has also been reported [25] . Altered cytokine synthesis may therefore provide a potential mechanism explaining the early increase in NaF uptake in non-irradiated regions since IL-6 increases vascular permeability [26] . Significant increases in serum CXCL1 have been observed on day 3 after radiation [27] . This peptide is known to activate neutrophil populations and may contribute to increases in ROS [28] and vascular permeability [29] . Investigating focused radiation-induced changes at distant skeletal regions would facilitate an understanding of plausible microenvironmental changes in bone, which would be favorable for potential distant bone metastases [30, 31] .
A potential mechanism for the radiation effect on both the osteoblast and osteoclast populations in local and distant sites is described in Fig. 5 . Local radiation induces inflammation in irradiated bone by activating phagocytes. ROS directly generated by radiation, and secondarily by IL-6 and neutrophils, may be partly responsible for marrow damage. IL-6, CXCL1, and ROS can cause vascular permeability, thereby altering the movement of intercellular fluids. IGF-1, IL-6, and ROS may induce bone resorption via the activation of osteoclasts [32] [33] [34] . In our study we found higher IL-6 levels post-radiation, although we also observed diminished serum IGF-1 levels. These changes may lead to greater bone resorption and impaired bone formation, a recipe for significant bone loss in the irradiated area [7, 9, 35] and at nonirradiated skeletal sites [3] . As noted, radiation may also enhance the commitment of stromal marrow (i.e., pluripotent MSCs) to adipocyte differentiation and thus reduce longterm osteogenic potential [9] .
There are challenges to performing longitudinal studies in a preclinical model. Repeated scans of the same animal impact anesthetic tolerance. Careful management of anesthetic delivery and the plane of anesthesia are essential steps to maintain data integrity. Damage to the tail vein due to repeated injections should be avoided by varying injection sites. Single-time point evaluations and radiation doses may have demonstrated a small set of cytokines that are activated after radiation. Further studies with additional time points and radiation doses will clarify the role of other pro-and anti-inflammatory cytokines in skeletal damage.
Conclusions
Non-invasive longitudinal imaging with dual-radioisotope micro-PET/CT is feasible and allows the investigation of simultaneous changes in marrow and bone metabolic function. This technique may be useful for monitoring local and distal skeletal sites in response to radiation injury. There appears to be some functional skeletal heterogeneity among marrow and bone tissues. We observed temporallyrelated longitudinal changes in marrow metabolic and mineral remodeling locally and abscopally in response to local radiation injury. Molecular and biochemical mechanisms will be further investigated. 
